Pollen limitation, resource limitation, fruit abortion, and predation have all been proposed as factors explaining low fruit set in hermaphroditic plants. We conducted a 5-year study combining field observations and pollination experiments to determine the causes of the low fruit set in Aristolochia paucinervis, a Mediterranean species with a specialized pollination system in two populations in SW Spain. Fruit initiation was markedly low, and between 28.6 and 75.0% of the flowering stems did not initiate any fruit. In most flowers, the number of germinated pollen grains was less than the number of ovules, and supplemental pollination significantly increased fruiting, indicating deficient pollination. In A. paucinervis, autonomous self-pollination seems to be a decisive factor in fruit production because the number of germinated pollen and the fruit set from flowers bagged before anthesis were similar to those in free-pollinated flowers. Only in 2005 did flowers that were successfully pollinated outnumber ripened fruits, suggesting that other factors limit fruiting. We found a significant positive correlation between tuber mass and fruit set. Deficient pollination and lack of resources could explain the low fruit set, but the relative consequences seem to vary spatially and temporarily.
Among hermaphroditic plants, a low fruit-to-flower ratio is a common phenomenon that has been widely reported (Stephenson, 1981; Sutherland, 1986; Ehrlén, 1991; Ramirez, 1993; Guitián et al., 1996; Arista et al., 1999; Holland et al., 2004) . Various non-exclusive factors have been put forward to explain low fruit set in plant species, such as predation, lack of pollination, or lack of resources (Bierzychudek, 1981; Lee and Bazzaz, 1982; Bookman, 1984; Campbell, 1985; Johnston, 1991; Vesprini and Galetto, 2000) . The fact that fruit set is limited by one or others of these factors is relevant to diverse aspects of reproductive biology, including the evolution of breeding systems and floral displays (Knight et al., 2005 and references therein) .
Pollination can be the first factor limiting fruit production (Schemske, 1980; Howell and Roth, 1981; Arista et al., 1999) . Flower surplus may be a strategy to increase pollinator visits, because the plants would be more attractive visually and offer a greater reward (Willson and Rathcke, 1974; Podolosky, 1992; Bartareau, 1995) . Resource availability is another important factor limiting fruit production (Stephenson, 1981; Bawa and Webb, 1984; Torres and Galetto, 1999) . Provided that pollination is efficient and more fruits are initiated than the ones that can ripen, the production of surplus flowers allows the selective abortion of lowest quality fruits (Lloyd, 1980; Stephenson, 1981; Bookman, 1984; Sutherland and Delph, 1984; Sutherland, 1986 Sutherland, , 1987 Guitián et al., 1996; Torres et al., 2002) .
Factors affecting fruiting can vary within years and within populations and may alter patterns of selection for plant traits (Stebbins, 1970; Aigner, 2001) . Pollen limitation varies among years (Campbell, 1987; Vaughton, 1991) and can occur in conjunction with resource limitation (Zimmerman and Pyke, 1988; Ehrlén, 1992) . Differences among populations in factors affecting fruit set are commonly reported in the literature (e.g., Arista et al., 1999; Larson and Barrett, 1999) . However longterm studies on fruiting patterns of a species and factors affecting it are rarely reported (Vaughton, 1991) , but they are essential for understanding biotic and abiotic controls on fruit production. These kinds of studies are specially relevant in ecosystems with unpredictable environmental conditions such as those in the Mediterranean region (Cowling et al., 1996; Rodó and Comín, 2001) where both resource and pollinator availability markedly change over years (Herrera, 1989; Thomson, 2001; Valladares et al., 2002) . Although one can expect that plants with more specialized flowers may have less pollen limitation (Neal et al., 1998; Knight et al., 2005) , a greater variance in fruit set over years can occur in taxa for which floral traits preclude pollination by the majority of floral visitors, because abundance of a few specialized pollinators may fluctuate more than that of many generalized pollinators (Waser et al., 1996; Larson and Barrett, 1999; Knight et al., 2005) . Aristolochia species have a highly specialized pollination system, trapping insects in their modified tubular perianths and imprisoning them for a time. Their protogynous flowers attract flies when they open, and the insects are trapped inside the perianth; when the anthers dehisce some time later, the flies are released with their pollen loads. The pollination mechanism in Aristolochia species is regarded as deceptive and, because pollinators belong to saprophagous groups, they are not likely to depend on floral nectar and pollen of Aristolochia (Wolda and Sabrosky, 1986; Sakai, 2002) . Exceptionally, in some species of Aristolochia, the pollinators oviposit and their brood develops in the flowers (Hime and Costa, 1985; Sakai, 2002; Burgess et al., 2004) . Some Aristolochia species are adapted for capturing certain size classes and families of flies and also may trap species that are not effective pollinators (Brantjes, 1980; Sakai, 2002; Burgess et al., 2004) . Thus, in A. bracteolata only 10.5% of the floral visitors carried pollen grains on their bodies (Razzak et al., 1992) . There is little information about reproductive success of Aristolochia species, although low fruit set was reported in two species, and the lack of compatible pollen was suggested as factor determining fruit set (Sakai, 2002) . The importance of other factors affecting fruit set, such as predation or resource availability, is practically unknown.
Aristolochia paucinervis Pomel has remarkably low fruit set in natural populations in SW Spain. We show here the fruiting pattern of Aristolochia paucinervis and factors affecting it and discuss the importance of flower color, pollination, predation, and reserves stored in the underground organs for fruit production. Due to the unpredictability of both environmental conditions and pollinator availability in Mediterranean ecosystems, our study was done over five consecutive years and combined pollination experiments and field observations to achieve a more meaningful interpretation of the data.
MATERIALS AND METHODS
Study area and study species-The study was carried out on two populations: Membrillo and Cuadrejón, situated in Hinojos, Huelva, SW Spain (UTM 29S 072 Aristolochia paucinervis is a perennial herb frequent in the undergrowth of the western Mediterranean region. It has a tuber for storage of reserves and loses its aerial part in summer, producing new stems each year. Its protogynous flower has a straight tubular perianth, formed by a modified calyx. The base of the perianth forms a chamber (the utricle) around the fused styles, stigmata, and anthers, forming a gynostemium.
Two floral phenotypes are found: plants with yellowish-white flowers, and others with brownish-purple flowers (R. Berjano, personal observation). Flowers of A. paucinervis produce a mean of 2100 pollen grains and 42 ovules. The pollination mechanism of Aristolochia paucinervis involves the trapping of small Diptera during the female phase and their liberation during the male phase. After flowering, the stigmata fall, together with the perianths, while the ovaries remain on the plant. Aristolochia paucinervis has capsular fruits, up to 3 cm in length, that take up to 3 months to ripen. Each capsule contains a mean of 11 large seeds with abundant reserves.
Sampling methods-In Aristolochia paucinervis, it is difficult to distinguish individuals, because the seeds often germinate so close together that the stems intermingle. In both populations, the fruit set in 46 uprooted whole plants was compared with that of individual stems of each plant chosen at random; no significant differences were found between them (MannWhitney U test: U ¼ 471.00, Z ¼À0.92, P ¼ 0.356 for the Membrillo population and U ¼ 1122.50, Z ¼À0.55, P ¼ 0.579 for the Cuadrejón population). Thus, in this study, one stem per plant was chosen at random because it gives a good estimate of the fruit set of the whole plant.
For a detailed study of the factors affecting fruiting, from 2001 to 2005, between 30 and 56 stems separated from each other by at least 1 m were tagged randomly each year in the populations of A. paucinervis. During flowering, these stems were visited every 7-15 days. At each visit, flowers with signs of predation were noted, and any ovaries beginning to grow were considered as initiated fruits and were tagged. These ovaries were monitored for predation, abortion, and maturation on subsequent visits. In addition, at the end of each flowering period, all floral pedicels on each tagged stem were counted. Detected predators were collected for identification. To check if flower color affected the fruiting of A. paucinervis, during 2001 and 2002 the tagged stems were separated in two subsamples according to their floral phenotypes and their production of flowers and fruits were analyzed. Given that these stems were randomly tagged, the sizes of the subsamples would reflect the proportions of each floral phenotype in the field.
Pollination as a limiting factor for fruiting-To elucidate whether pollination is a limiting factor for fruiting in A. paucinervis, randomly chosen flowers were tagged both in Membrillo (N ¼ 38 in 2004, N ¼ 134 in 2005) and Cuadrejón (N ¼ 48 in 2004, N ¼ 140 in 2005) . Given that after flowering, the stigma and the perianth fall jointly while the ovary remains on the plant, in each tagged flower the perianth was taped to the pedicel to avoid the loss of stigmata. These flowers were left to pollinate freely, and their stigmata were collected after flowering, fixed in FAA (formalin-ethyl alcohol 70%-acetic acid, 5:90:5), stained with aniline blue (0.01%), and observed using fluorescence microscopy (Martin, 1959) . Germinated pollen grains on each stigma were counted. In the field, the development of these ovaries was recorded, noting whether fruit ripened. In addition, ovules were counted in randomly chosen flowers in the two populations (N ¼ 20 in Cuadrejón, N ¼ 23 in Membrillo).
To check if pollination could significantly increase fruit set, in 2003 manual pollinations were made in the Membrillo population, both with pollen from plants separated by at least 5 m (N ¼ 84, xenogamy) and with pollen from the same stem (N ¼ 100, geitonogamy). Some flowers (N ¼ 98) were bagged prior to anthesis to check for autonomous self-pollination. Control flowers were allowed to pollinate freely (N ¼ 99).
To quantify pollen deposition in autonomously self-pollinated flowers of A. paucinervis, during 2004 in each population, between 26 and 39 randomly chosen flowers were bagged before anthesis, impeding the access of pollinators. After anthesis, the stigmata of these flowers were collected, to count the germinated pollen grains on each; in the field, the ovaries were monitored for fruit development.
Tuber size as a determinant of fruiting-To examine whether underground reserves affect the production of aerial biomass and/or fruits, in 2004, 45 whole plants in the Membrillo population were uprooted at the end of fruiting. The stems, flowers, and fruits produced by each of these plants were counted, and the tubers were dried at 608C for 48 h, and weighed.
Statistical analyses-The numbers of flowers, initiated fruits, ripe fruits, and the fruit set, were compared between stems with different flower color within each population by the nonparametric Mann-Whitney U test (Hollander and Wolfe, 1999) , because the data could not be normalized by any of the usual transformations. Independently of floral phenotype, we used a Kruskal-Wallis ANOVA (Hollander and Wolfe, 1999) to compare the number of flowers, the number of initiated, aborted, predated, and ripe fruits, and the fruit set between years within each population. The comparisons between populations within the same year were made with Mann-Whitney U tests. In each population, the number of germinated pollen grains on the stigmata in relation to the fate of the flowers (fruit ripening or not) was also compared with a U test, because again the data could not be normalized. For each plant, Pearson parametric correlations were established between tuber mass and production of stems, flowers, and fruits.
RESULTS
Differences depending on flower color-Both in the Membrillo and the Cuadrejón populations and in the two studied years, flower production of stems with yellowish-white flowers was statistically similar to that of stems with brownishpurple flowers (Table 1 In both populations and for the two years, the number of initiated fruits, the number of ripe fruits, and the fruit set had medians of zero for the two floral colors (Table 1) , nor did these variables differ significantly between the two flower colors (Mann-Whitney U test, P . 0.05). Given that flower color had no effect on fruiting, for the rest of the study this factor was not taken into account.
Production of flowers and fruits in the natural populations-The mean number of flowers per stem varied between years and populations (Table 2): 5.4-10.1 in the Membrillo population and 4.12-9.15 in the Cuadrejó n population. Significant differences were found between years within each population (Membrillo: H ¼ 28.04, df ¼ 4, P , 0.001; Cuadrejón: H ¼ 22.17, df ¼ 4, P , 0.001). Within each year, the mean number of flowers per stem was similar between populations, except for 2001 (U ¼ 526.00, Z ¼ 3.88, P , 0.001).
The percentage of initiated fruits was markedly low and variable between stems. In the two populations during 2001, 2002 and 2005 , the percentage of stems that did initiate fruit was low: 36.6, 25.0, and 28.8% in Membrillo, and 36.7, 29.4, and 36.5% in Cuadrejó n, respectively. In fact, in both populations the median percentage of initiated fruits per stem was zero in these three years ( Fruit set was markedly low in both populations. During the 5 years, mean fruit set did not exceed 10.66% in Membrillo and 11.66% in Cuadrejón (Table 2) . However, the median of the fruit set was zero, except for Membrillo in 2003 (where the median was 4.76%) and in Cuadrejón in 2004 (where the median was 9.09%). The fruit set differed significantly between years within each population (Membrillo: H ¼ 36.24, df ¼ 4, P , 0.001; Cuadrejón: H ¼ 41.39, df ¼ 4, P , 0.001) but not between populations within the same year.
The number of ripe fruits produced per stem was low in relation to the number of flowers and varied among years. In both populations, between 48.6% and 92.3% of stems with flowers did not produce any ripe fruit (Fig. 1) (Table 3) .
Predation of developing fruits was by Zerynthia rumina and wood mice, Apodemus sylvaticus L. (Muridae) and generally low. Most stems were not affected, although in some stems every fruit initiated was had signs of predation (Table 3) . In both populations during the 5 years, the median percentage of predator-affected fruits per stem was zero. Neither differences between years within each population nor differences between populations within the same year were significant. In general, the number of pollen grains on the stigmata of the flowers was lower than the number of ovules (Fig. 3) . In the Membrillo population only 15.8% of the flowers in 2004 and 41.0% in 2005 had more germinated pollen grains than ovules. In the Cuadrejón population only 16.6% of the flowers in 2004 and 13.6% in 2005 had more germinated pollen grains than ovules. In 2004, the percentage of flowers with sufficient pollen doses (more pollen grains on the stigma than ovules) was statistically similar to the fruit set of these flowers: 15.8% vs. 10.5% in Membrillo and 16.6% vs. 8.3% in Cuadrejón (v 2 , Membrillo: p ¼ 0.496; Cuadrejón: p ¼ 0.221). Nevertheless, in 2005, the percentage of flowers with sufficient pollen doses was significantly higher than the fruit set of these flowers: 41.0% vs. 6.1% in Membrillo and 13.6% vs. 2.1% in Cuadrejón (v 2 : p , 0.001). Geitonogamy and xenogamy significantly increased fruit set (29% geitonogamy and 31% xenogamy) compared to the freepollinated flowers (12.1%; v 2 : p , 0.01). Fruit set after geitonogamous and xenogamous pollination were not statistically different (v 2 : p ¼ 0.768), indicating that this species does not have self-incompatibility system. In A. paucinervis autonomous self-pollination occurs, and the fruit set in flowers bagged prior anthesis was statistically similar to that of freepollinated flowers (7.1% vs. 12.1%; 
DISCUSSION
Low fruit set seems to be a general phenomenon in Aristolochia paucinervis because it was markedly low in the two populations during this 5-year study, indicating the existence of flower surplus, as in many other plant species (Stephenson, 1981; Sutherland, 1986; Guitián et al., 1996; Arista et al., 1999) . In A. paucinervis, there is no pollinator discrimination with regard to flower color. A similar situation has been reported in A. pilosa (Wolda and Sabrosky, 1986) . The role of perianth color in attracting pollinators has been suggested in some Aristolochia species, but the strong scent of the flowers appears to be the attractant in most species (Brantjes, 1980; Vogel, 1990; Burgess et al., 2004) . Although A. paucinervis has no obvious fragrance, a compound attractive to insects but not perceptible by humans could be an attractant as in other trap species (Wolda and Sabrosky, 1986; Hall and Brown, 1993) .
In A. paucinervis a minimum of 50 germinated pollen grains is required to obtain a fruit. Given that this species has an average of 43 ovules per flower, 50 germinated pollen grains represents 1.2 times the number of ovules per flower. Because the fruits of A. paucinervis presented an average of 11 seeds, at least 4.5 germinated pollen grains seem to be required to produce a seed. Although species such as Passiflora vitifolia have a pollen to seed ratio of 1 : 1 (Snow, 1982) , more than one pollen grain is usually required to produce a seed. Thus, the ratio found in A. paucinervis is similar to those found in other species (Snow, 1986; Winsor et al., 2000) .
The results show the scant importance of predation as a limiting factor of fruit initiation. Lack of resources or insufficient pollination could be the main causes of the sparse fruit initiation in A. paucinervis. Tuber mass is an indicator of the amount of stored reserves available for sexual reproduction (Herrera, 1988) . During the 5 years of study a high proportion of plants of both populations did flower but did not initiate any fruit. Plants with small tubers did not fruit, and the correlation between tuber mass and fruit set is evidence that fruiting in small plants is limited by available resources. However, fruiting was markedly low even in biggest plants.
Insufficient pollination can be the consequence of inviable pollen or of scarce or inefficient pollinators. The pollen grains found on the stigmata of A. paucinervis had germinated, ruling out pollen inviability as the cause of low fruit initiation. Aristolochia paucinervis flowers are visited by small Diptera, which are trapped inside the perianth and are liberated later; however, few insects were found inside the flowers, and they were often dead (R. Berjano, unpublished data). This lack suggests insufficient pollination and is supported by the scarce pollen found on the stigmata of the freely pollinated flowers, the lack of fruit production from most flowers, and the presence of fewer germinated pollen grains than ovules on most stigmata of freely pollinated flowers. In addition, manual pollinations significantly increased fruit set. Persistent pollen limitation has evolutionary consequences. Most notably, pollen limitation may favor the evolution of selfcompatibility and/or increased selfing when selfing offers reproductive assurance (Knight et al., 2005) . Results indicate that A. paucinervis is a self-compatible species, and autonomous selfing occurs despite its protogyny. Nevertheless, the existence of autonomous self-pollination in Aristolochia has already been proven in other species (Razzak et al., 1992; Sakai, 2002) . In A. paucinervis, pollen deposition in bagged flowers and fruit set by autonomous self-pollination were similar to those of free pollinated flowers. The fact that in A. paucinervis insufficient pollination was a recurrent situation during the 5-year study could indicate that the trap mechanism is inefficient, and thus autonomous self-pollination would be crucial for fruit production. Consistently, the low pollen to ovule ratio of A. paucinervis (50) would indicate that this is a species with high selfing (Cruden, 1977) . In another Aristolochia species the importance of autonomous selfpollination for fruiting has been reported (Razzak et al., 1992) . Similarly, in Tacca chantrieri, another species with a trap mechanism, fruiting is a consequence of autonomous self-pollination (Zhang et al., 2005) . Thus, in flowers with trap mechanism an important role of autonomous self-pollination in fruiting seems common, at least in self-compatible species, probably as a consequence of persistent pollen limitation.
Although pollen limitation is persistent in A. paucinervis, during 2005, fruit set was significantly lower than the percentage of flowers with sufficient pollen doses, and the abortion rate was high in both populations. The extreme drought in 2005, less than 34% rainfall than in previous years, was a resource limitation and made abortion an important limitation to fruiting. Thus, in A. paucinervis the role of the different factors limiting fruiting varied among years, as reported in others multiyear studies (Dudash and Fenster, 1997; Zimmerman and Pyke, 1998) .
In conclusion, the low fruit production in A. paucinervis is a consequence mainly of insufficient pollination and secondarily of resource limitation, with the relative importance of these factors varying over time. Insufficient pollination was a recurrent situation during the 5 years of study, and generally this insufficiency was high enough to avoid resource limitation. Only in stressful environmental conditions such as those of the year 2005, did resource limitation operate. Pollination by insects was inefficient, and autonomous self-pollination seems to be decisive to produce fruit.
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